Background: Molecular analysis is a promising source of clinically useful prognostic biomarkers. The aim of this investigation was to identify prognostic biomarkers for patients with early-stage pancreatic ductal adenocarcinoma (PDAC) after pancreaticoduodenectomy. Methods: An RNA sequencing dataset of PDAC was obtained from The Cancer Genome Atlas. Survival analysis and weighted gene co-expression network analysis were used to investigate the prognostic markers of early-stage PDAC after pancreaticoduodenectomy. Results: Using whole genome expression level screening, we identified 1,238 markers that were related to the prognosis of PDAC after pancreaticoduodenectomy, and identified 9 hub genes (ARHGAP30, HCLS1, CD96, FAM78A, ARHGAP15, SLA2, CD247, GVINP1, and IL16) using the weighted gene co-expression network analysis approach. We also constructed a signature comprising the 9 hub genes and weighted by the regression coefficient derived from a multivariate Cox proportional hazards regression model to divide patients into a high-risk group, with increased risk of death, and a low-risk group, with significantly improved overall survival (adjusted P=0.026, adjusted HR =0.513, 95% CI =0.285-0.924). The prognostic signature of the 9 genes demonstrated good performance for predicting 1-year overall survival (area under the respective receiver operating characteristic curves =0.641). Conclusion: Our results have provided a new prospect for prognostic biomarkers of PDAC after pancreaticoduodenectomy, and may have a value in clinical application.
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Introduction
Pancreatic cancer is a highly lethal malignant tumor. The major histological type of pancreatic cancer is pancreatic ductal adenocarcinoma (PDAC) accounting for .80% of total cases.submit your manuscript | www.dovepress.com
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liao et al advanced stage and cannot undergo surgery. 7, 8 Even after potentially curative resection, most patients will eventually have a recurrence. Because of the growing incidence, late diagnosis, and insufficient treatment options, it is necessary to investigate early diagnostic and prognostic markers of pancreatic cancer and apply them in treatment guidance and patient management.
Treatment of pancreatic cancer includes surgical resection, chemotherapy, radiation therapy, and palliative care. Indeed, surgery is the only option to permanently remove or cure pancreatic cancer, but only 15%-20% of patients are eligible for surgical resection at the time of initial diagnosis. Radical surgical resection with adjuvant chemotherapy or chemo-radiotherapy is the most effective treatment for PDAC. Treatment options are selected depending on the stage of pancreatic cancer in a multidisciplinary approach. 7, 9 In addition, pancreaticoduodenectomy, also known as the Whipple procedure, has become a commonly performed operation with a low hospital mortality and has become an effective operation for pancreatic cancer in those patients that are node-negative with a negative tumor margin. 10 Previous studies have demonstrated that tumor size and histological grade, lymph node status, resection margins and vascular or neural invasion are the prognostic factors of pancreatic cancer. 11 Furthermore, a number of molecular markers have also been identified as potential prognostic markers for pancreatic cancer, and molecular analysis is a promising source of clinically useful prognostic biomarkers. 12 These could be involved in pancreatic tumor growth, apoptosis, angiogenesis, invasion, and resistance to chemotherapy. 12 The purpose of the present study was to investigate the prognostic markers for patients with early-stage PDAC after pancreaticoduodenectomy by using whole genome expression profile dataset. By searching the public expression profile database, we found that the dataset of pancreatic cancer in The Cancer Genome Atlas (TCGA) database could satisfy our study requirements.
Materials and methods
Data source and pre-processing
An RNA sequencing dataset of pancreatic cancer patients was obtained from TCGA (https://tcga-data.nci.nih.gov/), while the corresponding survival profiles and clinical features were obtained from the University of California Santa Cruz (UCSC) Xena (http://xena.ucsc.edu/). The raw dataset of RNA sequencing was normalized by the DESeq package in the R platform. 13 inclusion and exclusion criteria The inclusion criteria of study patients were as follows: 1) complete survival data available; 2) the histology type was PDAC, 3) American Joint Committee on Cancer (AJCC 7th) stage I or II; and 4) patients underwent pancreaticoduodenectomy. PDAC patients with stage III or IV disease and those who underwent other types of surgery were excluded.
Identification of prognosis-related genes
Survival analyses were conducted on patients with normalized mRNA expression and overall survival (OS) profiles. Patients were divided into low-and high-expression groups according to the gene expression median value. Multivariate Cox proportional hazards regression analysis was applied to estimate survival in the study sample by using the survival package in the R platform, and the low expression group was set as a reference group. An adjusted P-value cutoff of 0.05 was considered statistically significant and used to identify prognosis-related genes.
Weighted gene co-expression network analysis (Wgcna) and hub gene detection WGCNA, an R package for weighted correlation network analysis, 14 was used for co-expression analysis of genes and for screening hub genes in the current study. An appropriate soft threshold power was selected in accordance with standard scale-free distribution, with which adjacencies between all input genes were calculated by a power function. 15 Based on the selected soft threshold power, and by using clustering in combination with the topological overlap matrix (TOM) in module detection analysis, we selected the number of genes in each module with a minimum threshold of 20, setting a cutoff height of 0.8. Then, the threshold of weighted co-expression correlation coefficient between 2 genes .0.4 was exported for hub gene screening and weighted co-expression network construction. The degree of a node was defined as the number of connections or edges the node has to other nodes in a network. The node degree represented the overall strength of connections between a given node and all of the other nodes in a network and was used for screening the hub genes. construction of prognostic model and receiver operating characteristic curve Furthermore, we utilized the hub genes that were derived from the WGCNA analysis to construct a prognostic model. 
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Prognostic markers in early-stage PDac after pancreaticoduodenectomy a regression coefficient (β) as the weight that was derived from a multivariate Cox proportional hazards regression model, adjusted for the hub genes' expression and clinical features, with the following formula: Risk score = expression of Gene 1 × β 1 Gene 1 + expression of Gene 2 × β 2 Gene 2 +… expression of Gene n × β n Gene n . 16, 17 The time-dependent receiver operating characteristic (ROC) curve analysis was performed by using the survival ROC package in the R platform to evaluate the predictive accuracy of our prognostic model for time-dependent cancer death. 18 
Functional assessment
The Database for Annotation, Visualization and Integrated Discovery (DAVID; https://david.ncifcrf.gov/home.jsp) v6.8 is a comprehensive set of functional annotation tools to understand the biological meaning of specified genes. 19, 20 Gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were carried out using DAVID. An enrichment P-value ,0.05 was considered statistically significant.
statistical analysis
A multivariate Cox proportional hazards regression model was used for calculating the clinical outcome between different gene expression groups. Hazard ratio (HR) and 95% CI were calculated from the multivariate Cox proportional hazards regression model after adjusting for pathologic stage, histologic grade, radical resection, radiation therapy and targeted molecular therapy. The heat map of genes was constructed using the ggplot2 package in the R platform. The weighted co-expression networks were constructed using the Cytoscape software (version 3.4.0; http://www.cytoscape.org/), a biomolecular interaction networks platform. 21 A value of P,0.05 was considered statistically significant. All statistical analyses were conducted with SPSS version 20.0 (IBM Corporation, Armonk, NY, USA) and R 3.3.0 (https://mirrors.tuna.tsinghua.edu.cn/CRAN/).
Results
study population
An RNA sequencing dataset of 177 patients was downloaded from the TCGA, and the corresponding survival profiles were obtained from the UCSC Xena. By performing our inclusion and exclusion criteria, 112 early-stage PDAC patients that underwent pancreaticoduodenectomy were included in further analysis. Of these patients, only 8 were stage I, while the remaining were stage II. The histologic grade of PDAC was significantly associated with OS (log-rank P=0.034). There were 66 (59%) patients who received a radical resection and with a significantly long median survival time (MST: radical resection vs non-radical resection, 691 vs 473 days; log-rank P=0.009, Table 1 ). Patients received radiation therapy (log-rank P=0.029, HR =0.527, 95% CI =0.293-0.947, Table 1 ) and targeted molecular therapy (log-rank P,0.001, HR =0.168, 95% CI =0.095-0.296, Table 1 ) had significantly decreased risk of death in PDAC, respectively.
Prognosis-related genes screening
Early-stage PDAC patients (n=112) that underwent pancreaticoduodenectomy with complete follow-up data were included in further survival analyses. A multivariate Cox proportional hazards regression model after being adjusted for pathologic stage, histologic grade, radical resection, radiation 
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liao et al therapy and targeted molecular therapy was performed using the survival package in R platform. A total of 1,238 genes with an adjusted P-value ,0.05 were identified as prognosisrelated genes for early-stage PDAC after pancreaticoduodenectomy (Table S1 ). The heat map of all prognosis-related genes is shown in Figure S1 . Among these prognosis-related genes, several of them have already been identified as pancreatic cancer prognosis-related genes in previous studies, such as C-X-C motif chemokine receptor 4 (CXCR4, adjusted P=0.032, HR =0.523, 95% CI =0.289-0.947), [22] [23] [24] XIAP-associated factor 1 (XAF1, adjusted P=0.048, HR =1.738, 95% CI =1.00-3.01), 25 
27-30
Weighted gene co-expression network analysis WGCNA was used for co-expression analysis and hub gene screening. The appropriate soft threshold power beta was set to 3 based on the soft threshold screening by PickSoftThreshold function ( Figure 1A and B). A total of 4 modules were revealed using the cuttreeStaticColor function from the WGCNA package (cutHeight =0.8; minSize =20), and the number of genes in the module ranged from 20 to 1,086 (Table S2 ; Figure 1C ). In addition, the gray module 
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Prognostic markers in early-stage PDac after pancreaticoduodenectomy represents a gene set that is not assigned to any of the modules, containing 1,086 genes. TOM plot was generated by the TOMplot function from the WGCNA package ( Figure 1D ). Then, the value of weighted co-expression coefficient between 2 genes .0.4 was exported for weighted coexpression network construction by the Cytoscape software ( Figure 2 ). Weighted co-expression network construction was also performed in modules ( Figures 3 and 4A-C) . The heat map of the turquoise module is shown in Figure 5 . The weighted co-expression networks of all potential prognosis-related genes and genes in the turquoise module were used for hub gene screening, and the top 10 node degree genes at the intersection of 2 interactome networks were identified as hub genes. We identified 9 genes as hub genes (Table 2; Figure 6A-I): Rho GTPase-activating protein 30 (ARHGAP30), hematopoietic cell-specific Lyn substrate 1 (HCLS1), CD96 molecule (CD96), family with sequence similarity 78 member A (FAM78A), Rho GTPase-activating protein 15 (ARHGAP15), Src-like adaptor 2 (SLA2), CD247 molecule (CD247), GTPase, very large interferon-inducible pseudogene 1 (GVINP1) and interleukin 16 (IL16). The highest node degree of all prognosis-related genes and turquoise module networks was ARHGAP30 with a node degree of 69 and FAM78A with a node degree of 25 (Table 2) , respectively.
Prognostic model construction and rOc curve analysis
We further investigated the co-expression relationship among the hub genes and observed that these genes had a strong
Weighted gene co-expression Figure 7B ). This risk score also demonstrated a prognosis prediction on early-stage PDAC after pancreaticoduodenectomy, as the area under ROC curve (AUC) was 0.641, 0.623, and 0.554 for 1, 3 and 5 years ( Figure 7C ), respectively. This prognostic signature of the 9 genes showed a good performance in clinical outcome prediction for the 1-year survival of PDAC patients. The expression level distribution of the 9 genes in the low-and high-risk group is also presented in Figure 8 .
Functional assessment
Enrichment analysis was performed in modules and for all prognosis-related genes. Enrichment analysis for all prognosis-related genes suggested that these genes were significantly involved in cell adhesion, regulation of cytokine production, positive regulation of cell migration and hepatocyte apoptotic biological processes, and cytokine-cytokine receptor interaction, PI3K-Akt signaling pathway, FoxO signaling pathway, Hippo signaling pathway, Rap1 signaling 
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Prognostic markers in early-stage PDac after pancreaticoduodenectomy pathway, chemokine signaling pathway and Ras signaling pathway ( Figure 9A and B). Enrichment analysis indicated that regulation of the immune response and PI3K signaling, T cell co-stimulation, chemokine-mediated signaling pathway, T cell differentiation, T cell migration, T cell receptor signaling pathway, T cell activation and cell adhesion biological processes were involved in turquoise module, whereas KEGG showed that these genes were enriched in the T cell receptor signaling pathway, Chemokine signaling pathway, cytokine-cytokine receptor interaction, natural killer cell-mediated cytotoxicity and the cell adhesion molecule (CAM) signaling pathway ( Figure 10A and B brown module genes were related to the hyperoxia response ( Figure 4C ).
Discussion
The prognosis of PDAC is determined by the interaction of multivariate factors, such as clinical factors, tumor biological characteristics and genetic factors. Pancreatic stump closure and pancreatic fistula after pancreatoduodenectomy may have affected the patients' prognosis, 31, 32 as well as the tumor's biological characteristics, such as tumor size and histological grade, lymph node status, vascular or neural invasion. 11 In addition, it has already been substantiated that genetic factors in pancreatic cancer may play a critical role in tumor occurrence, development, and prognosis. 7, 12, 33 Due to the high mortality rate of pancreatic cancer, it is necessary to investigate reliable prognostic markers in order to select a subset of patients that would benefit from additional treatment options to improve survival. RNA sequencing can investigate the gene functions at the whole genome-scale level, whereas the WGCNA is a method of systems biology for describing the correlation patterns among genes across microarray samples.
14 Our current study used an RNA sequence dataset of patients receiving pancreaticoduodenectomy to identify 1238 genes that were associated with PDAC prognosis, then we used WGCNA to investigate a hub of genes among these prognosis-related genes. Through the WGCNA assessment, we identified 9 hub genes among the prognosis-related gene co-expression networks and constructed a 9-gene signature consisting of ARHGAP30, HCLS1, CD96, FAM78A, ARHGAP15, SLA2, CD247, GVINP1 and IL16, which was validated as an independent predictor for PDAC patient survival. The AUC of a survival ROC curve for the 9-gene signature in predicting 1-year survival was 0.633. This 9-gene signature showed a good performance in predicting the 1-year survival of PDAC patients and may have further potential in predicting the prognosis in patients with PDAC after pancreaticoduodenectomy to reveal targets for the development of therapy.
The high expression of all the 9 genes was associated with a favorable prognosis of PDAC patients; however, the role of these genes in PDAC prognosis has not been reported in previous studies. It is worth noting that several of these genes have already been reported to be associated with the prognosis of cancer disease. Work by Wang et al revealed that ARHGAP30 promotes p53 acetylation, and low expression of ARHGAP30 was associated with unfavorable prognosis in colorectal cancer patients, consistent with our results of ARHGAP30 in PDAC patients' survival. 34 In previous studies, the expression of another hub gene, IL16, appeared to be a useful prognostic biomarker in patients with multiple myeloma and prostate cancer, 35, 36 while polymorphisms in IL16 also showed a correlation with clinical outcome in prostate cancer and non-small cell lung cancer. 37, 38 In addition, a study has demonstrated that the expression of HCLS1 plays a central role in lymphocyte trafficking and homing regulation, and influences tissue invasion and infiltration in chronic lymphocytic leukemia (CLL). 39 Furthermore, HCLS1 was notably up-regulated in CLL patients compared with healthy subjects, and high expression of HCLS1 and its phosphorylation in CLL were significantly correlated with poor survival, respectively. [40] [41] [42] The prognostic prediction value of gene expression in CLL can also be observed in CD247 by using gene co-expression network analysis. 43 A study by Arai et al indicated that DNA methylation alteration of FAM78A combined with the DNA methylation of other genes alteration at precancerous stages can be used to identified tumor aggressiveness and patient outcome in clear cell renal cell carcinomas. 44 No studies have reported a correlation of the 4 remaining genes, CD96, SLA2, GVINP1, and ARHGAP15, with the prognosis of cancer.
We also performed functional enrichment analysis for these prognosis-related genes in order to identify potential biological processes and pathways that are associated with PDAC prognosis. Cell adhesion was the most significant biological process in GO enrichment analysis of all prognosis-related genes and was also the significant GO enrichment in turquoise module genes. In addition, the turquoise module was also significantly enriched in the CAM pathway. Numerous studies have demonstrated that the altered expression of adhesion molecules is associated with pancreatic cancer invasion and metastasis. 45, 46 CAMs also serve as predictive biomarkers for pancreatic cancer
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Prognostic markers in early-stage PDac after pancreaticoduodenectomy prognosis. 47, 48 Expanding evidence reveals that the Rap1 signaling pathway was associated with cell adhesion 49 and that Rap1 activation is required for epidermal growth factor receptor-mediated metastasis in pancreatic cancer. 50 KEGG enrichment results of all the prognosis-related genes suggested that PI3K-Akt, Ras, cytokine-cytokine receptor interaction, and FoxO signaling pathway were associated with PDAC prognosis. Evidence shows that PI3K-Akt and the Ras signaling pathway can serve as a potential targeted therapy for pancreatic cancer. 51, 52 Bioinformatics analysis in the comparison of pancreatic cancer patients and healthy subjects identified that cytokine-cytokine receptor interaction and the FoxO signaling pathway play a role in the occurrence of pancreatic cancer. 53, 54 The most significant biological process in the GO enrichment analysis of the turquoise module genes was
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liao et al the regulation of the immune response, while the most significant pathway in KEGG enrichment analysis was the T cell receptor signaling pathway. Furthermore, biological processes of turquoise module genes were also significantly involved in T cell co-stimulation, differentiation, migration, activation, and the T cell receptor signaling pathway. The latest research argues that spatial computation of intratumoral T cells correlates with pancreatic cancer prognosis, 55 and the level of T cells have a prognostic prediction value that can be considered an independent prognostic factor for pancreatic cancer. [56] [57] [58] In addition, a high degree of infiltration of both CD4 + and CD8 + T cells around tumor cells seems to be associated with favorable prognosis and a high prevalence of regulatory T cells can serve as an independent negative predictive factor of PDAC. 30, 59, 60 There were limitations in our study that need to be recognized. First, the clinical information from the TCGA database was not comprehensive, and the detailed information of some clinical treatment regimens also could not be obtained, such as the detailed information of radiation and targeted molecular therapy. Therefore, our study evaluates the association between gene expression level and OS based on a multivariate survival analysis that was only adjusted for pathologic stage, histologic grade, radical resection, radiation therapy and targeted molecular therapy in the multivariate Cox proportional hazards regression model. In addition, due to the incomplete clinical information in the present study, we could not analyse the joint effect between this 9-gene prognostic signature and the prognostic model that was constructed using only clinical data. [61] [62] [63] Second, the TCGA PDAC cohort had a relatively short follow-up period (median follow-up of 518 days) and the censored rate was high, which may have affected the reliability of the Kaplan-Meier estimates. Third, patients in our study were exclusively from a single source, and the development and assessment of this prognostic model still have certain limitations. Independent external validation datasets with long-term follow-up and complete clinical information to provide a realistic assessment of the performance of this gene signature would be more reliable.
Despite these limitations, our current study has identified 1,238 prognostic markers via a whole genome expression level screening and 9 hub genes by using a bioinformatics method. We then constructed a 9-gene prognostic signature of early-stage PDAC. These findings provide insight into prognosis-related genes of PDAC and may have a clinical utility for prognosis prediction and decision-making in PDAC management.
Conclusions
On the basis of whole genome expression level screening, we identified 1,238 markers that are related to the prognosis of PDAC after pancreaticoduodenectomy and selected 9 genes among these prognosis-related genes by using a WGCNA analysis. In addition, we also succeeded in identifying a gene signature comprising 9 hub genes (ARHGAP30, HCLS1, CD96, FAM78A, ARHGAP15, SLA2, CD247, GVINP1, and IL16), which helped to classify patients into a high-risk group that had increased risk of death, and a low-risk group that had significantly improved OS. The independent prognostic model demonstrated a good performance in the clinical 1-year survival prediction for PDAC patients and can be used for prognosis prediction indicators in PDAC patients after pancreaticoduodenectomy. Due to the limitations in the present study, our findings still need to be verified in a future large cohort study.
